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Abstract
Ferroelectrics usually adopt a multi-domain state with domain walls separating domains with
polarization axes oriented differently. It has long been recognized that domain walls can dramat-
ically impact the properties of ferroelectric materials. The enhancement of low-field susceptibil-
ity/permittivity under subswitching conditions is usually attributed to the reversible domain wall
vibration. Recent experiments highlight the stationary domain wall contribution to the dielectric
susceptibility irrespective of any lateral displacements or deformations of the wall. We study the
effects of domain walls on low-field permittivity of PbTiO3 with density functional theory and
molecular dynamics simulations. The static dielectric constant is calculated as a function of in-
creasing domain wall density and temperature. We find an increase of dielectric permittivity with
increasing domain wall density, which is expected to occur at low driving field where the lateral
motion of domain walls is forbidden. Real-space decomposition of dielectric response reveals that
frustrated dipoles within the finite width of the domain walls are responsible for the enhanced
low-field permittivity.
∗ sliu@carnegiescience.edu
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Ferroelectrics characterized by the switchable spontaneous polarization under external
field have served as critical components in electronics, optics, sensors, and actuators. [1]
Ferroelectrics often possess complex domain structures with domain walls (DWs) separating
homogeneously polarized domains. In response to an applied stimulus that favors one polar-
ization state over another, the DW can move to increase the size of the favored domain. [2]
The susceptibility therefore consists of two contributions: the intrinsic contribution that
originates from the polarization change within the bulk of the domains and the extrinsic
contribution that arises from DW motions. It is now widely recognized that DWs can have
a profound effect on the dielectric, piezoelectric and pyroelectric susceptibilities of ferroelec-
tric materials. [3–9] For example, experiments suggested that most (> 60%) of the dielectric
and piezoelectric responses at room temperature in lead zirconate-titanate (PZT) ceramics
is from the DW contributions [3, 5], with both 180◦ and non-180◦ walls contributing to
dielectric response and non-180◦ walls affecting piezoelectricity. [10, 11]
Controllably optimizing the susceptibilities of ferroelectrics through DW engineering re-
quires a microscopic understanding of the dynamics of DWs in response to a stimulus. For
a driving field of large amplitude, the DW contribution to the susceptibility shows strong
field-amplitude dependence, which is attributed to the field-induced irreversible DW motion.
The upper bound of the dielectric permittivity due to the displacement of 180◦ DW can be
approximated as εDW ∼= 2Ps/ε0Ec, where Ps is the bulk polarization, Ec is the coercive
field and the factor of two comes from polarization reversal. For BaTiO3, using Ps = 0.25
C/m2 and Ec = 1kV/cm gives ε
DW ∼= 560, 000. The total dielectric response is the weighted
average of DW contribution and intrinsic bulk contribution, and is often much smaller than
the upper bound due to the low volume fraction of DW.
For a stimulus that is much smaller than the coercive field, a number of mechanisms
have been proposed to explain DW contrition to the enhanced dielectric response in the
absence of DW motion. [12, 13] Lawless and Fousek proposed that the DW has excessive
polarizability because the materials within the wall have polarization passing through zero
and can be considered as being closer to the phase transition than materials in the bulk. [12]
The temperature gradient and heat transfer across DWs induced by the electrocaloric effect
of antiparallel domains was also suggested to affect the frequency dispersion of dielectric
susceptibility. [13]
The idea of reversible DW vibration was also proposed to explain small-signal re-
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sponse. Unlike the typical DW motion that moves from one Peierls potential to another via
nucleation-and-growth mechanism, [14] reversible DW motion comes from DW displacement
inside one minimum of the Peierls potential. [15] The DW is considered as an oscillator with
some effective mass and vibrates around the equilibrium position with displacement ampli-
tude determined by electric and/or elastic restoring forces. [16–21] However, the estimated
DW displacement is only few percent of a lattice constant [12, 18], which is not well defined
microscopically considering that 1) atoms are discreet in crystalline solids; 2) a DW is at
least one unit cell wide; 3) atoms move perpendicular to the direction of the DW vibration.
Furthermore, the assumption that a DW has effective mass directly implies that a DW
would exhibit inertial response, which was a subject of debate with both confirming [22, 23]
and contradicting results [24, 25]. Molecular dynamics simulations of post-field DW behav-
ior show that ferroelectric DWs have no significant intrinsic inertial response. [26] All these
results challenge the concept of reversible DW vibrations at low field. Recent experiments in
(111)-oriented PbZr0.2Ti0.8O3 thin films that effectively freeze out DW motions indicate that
the stationary contribution from the DW can be 6-78 times larger than bulk response [6, 8],
but the exact microscopic nature of stationary DW contribution remains unclear.
As a canonical ferroelectric oxide, PbTiO3 and DWs in PbTiO3 have been the subject
of numerous first-principles studies. [27–29] The 180◦ DWs are usually modeled with a
Na × 1a × 1c supercell (a and c are short-axis and long-axis lattice constants) where the
unit cells are stacked in the x direction and N/2 unit cells have polarization aligned along
+z while N/2 unit cells have polarization aligned along −z. Recent first-principles studies
pointed out that the DW may possess a net polarization along +y direction, which could
undergo a temperature-driven ferroelectric-paraelectric transition confined to the DW. [29]
It is well known that the theoretical lattice constants of ferroelectrics depend sensitively
on the density functional approximations, with local density approximation (LDA) under-
estimating the tetragonality (c/a) while generalized gradient approximation (GGA) yield-
ing a wrong supertetragonal structure. [30] Even using the same density functional, the
first-principles structural parameters for the fully-optimized tetragonal PbTiO3 reported in
literatures [31, 32] vary slightly, partly because of the different types of pseudopotentials
(PPs, e.g., projector-augmented wave method, norm-conserving, and ultrasoft) employed in
the calculations. Because the ferroelectric instabilities are extremely sensitive to the lattice
constants, we first benchmark the performances of several first-principles methods using
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three density functional approximations, LDA, Wu-Cohen (WC), [33] and PBEsol, [34] and
three open-source PP libraries, GBRV ultrasoft pseudopotential (USPP) library, [35] PSli-
brary(v1.0.0), [36] and Bennett-Rappe normconersing (NC) PP library. [37] All calculations
are carried out using Quantum Espresso [38] with a 4 × 4 × 4 Monkhorst-Pack grid and
a force convergence threshold of 1.0×10−4 Ry/Bohr and energy convergence threshold of
1.0×10−5 Ry. Our results (Table I) for the fully-relaxed tetragonal PbTiO3 are consistent
with previous theoretical investigations. [31–34]
Because the first-principles lattice constants deviate from the experimental values, there
are three possible supercell models for constructing 180◦ DWs: I) fix the lattice constants to
the experimental values and relax internal atomic coordinates; II) fix the lattice constants
to the theoretical values of the fully-optimized tetragonal unit cell and relax the atomic
positions; III) fully relax the lattice constants and atomic positions of the suprecell. We carry
out benchmark calculations to study the effects of computational setups on the structural
properties and energetics of 180◦ DWs uisng a 12a × 1a × 1c supercell. The structures
are optimized with a 1 × 4 × 4 Monkhorst-Pack grid and the same convergence thresholds
as for unit cell benchmark studies. The DW energy (EDW) is calculated with EDW =
1
2S
(Esupercell − ESD), where S is the DW area, Esupercell is the energy of the supercell with two
DWs, and ESD is the energy of the single-domain supercell of the same lattice constants. We
find that the DW structure and energy depend on both the density functional approximation
and the supercell model (Table II). For Model I, the three density functionals, LDA, WC,
and PBEsol, predict similar DW energies while LDA gives the highest value. This is likely
due to the more severe artificial inhomogeneous tensile strain effect of LDA when using
experimental lattice constants because LDA underestimated the lattice constants. For a
given density functional, fully relaxing the lattice constants of the supercell (Model III)
leads to a c/a ratio smaller than the ground state bulk value. This suggests that 180◦ DWs,
though usually considered to be non-ferroeleastic, can give rise to mechanical clamping that
suppresses the tetragonality of nearby unit cells. However, such mechanical clamping is
likely to be only important for domain structures with high DW density and small DW-DW
distance.
The examination of the polarization profile across the domain boundary (FIG. 1a) reveals
some subtle differences between supercell models. All three models show that the DW is
essentially centered at the PbO plane, as demonstrated by the Ti-centered local polarization
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changing from +z to −z across the PbO plane, and the DW does not have net polarization
along the y axis. However, for Model I, the Pb-centered local polarization at the DW is not
exactly zero along the z axis, different from those in Model II and III. This is again due to
the artificial strain effect of LDA for using experimental lattice constants. We also find that
for the two DWs in the supercell, they could have antiparallel polarization along the z axis
(one DW has Pz > 0 and the other DW has Pz < 0) and parallel polarization (both DWs
have polarization aligned along +z or−z). These two configurations are close in energy ( <
5 meV/supercell with LDA), with the configuration of antiparallel DW polarization slightly
lower in energy.
We calculate the two-dimensional potential energy surface (PES) for the Pb atom at the
DW with LDA. It is found that the local PES confined to the DW (FIG. 1b) is extremely
shallow along the y axis, regardless the supercell model employed. The Pb atom can easily
be displaced away from their equilibrium position with little energy cost. By starting from
a configuration with Pb atoms at DWs displaced slightly along the y axis, we obtained
two more optimized configurations (FIG. 2) for each supercell model: one configuration
has parallel DW polarization and the other configuration has antiparallel DW polarization
along the y axis. The three configurations (one without DW polarization and two with DW
polarization along y) are close in energy (energy difference smaller than 0.01 eV/supercell),
confirming the shallow PES at the DW. The calculations of WC and PBEsol give essentially
the same results, both functionals predicting three configurations with small energy differ-
ence. This indicates that atoms within DWs are easier to move under a driving field. Note
that the type of supercell model and the density functional approximation can influence
subtly the magnitude and directions of local polarization confined to the DW, it remains
an open question about the robustness of the ferroelectric transitions at DWs suggested in
previous first-principles studies [29] under experimental conditions. However, the presence
of polarization suppression along the z axis at the DW and the shallow local PES appear to
be robust, independent of computational setups.
The smaller polarization at DWs is due to the smaller Pb and Ti atomic displacements
with respect to the center of oxygen cage (FIG. 3a). Accordingly, Pb and Ti atoms at
DWs (@DW in FIG. 3b) have much shallower potential energy surfaces for small distortions
away from the equilibrium position. We investigate the effect of atomic displacement on
the value of static dielectric constant of PbTiO3 with density perturbation functional theory
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(DPFT) using the ABINIT code. [39] We start with a fully relaxed 5-atom unit cell of
PbTiO3 and apply small distortions to the Ti (Pb) atom. For each distorted structure, we
calculate the short-axis (εa) and long-axis (εc) dielectric constants. It is found that structures
with suppressed Pb and Ti displacement supercell have both larger εa and εc (FIG. 3c-d).
This shows qualitatively that the DW characterized with smaller atomic displacements will
possess higher dielectric susceptibility.
To understand the finite-temperature dielectric response of DWs, we perform all-atom
molecular dynamics (MD) simulations taking the ferroelectric 180◦ DW and ferroelastic 90◦
DW in PbTiO3 as examples. Combined with accurate interatomic potentials derived from
ab initio calculations [40–42], MD simulations have been applied to study various aspects of
ferroelectrics [26, 43–45] in different environments. [46–48] Our force field of PbTiO3 is de-
veloped based on the bond-valence theory and is parametrized from first-principles. [42, 49]
All simulations are performed under constant-volume constant-temperature (NV T ) condi-
tions over a wide range of temperatures (150–320 K) with lattice constants of unit cells
fixed to experimental values. To determine the effect of DW density on the total dielectric
response, the simulations for 180◦ DWs are carried out over a 48a×8a×8c perovskite-type
supercell with varying numbers (2, 4, 6, 8, 10, 12) of walls under periodic boundary con-
ditions. An 80ax×6ay×80az supercell is used to model domain structures with 90
◦ walls,
where ax = (a + c)/2, ay = a, and az = (a + c)/2 are averaged lattice constants along
Cartesian axes. This choice of supercell dimensions leads to a typical c/a/c/a multidomain
structure. [50]
The local static dielectric permittivity (susceptibility) tensor at unit cell m, εmij (χ
m
ij ), is
calculated using fluctuation formulas [45, 51–55]:
χmij ≈ ε
m
ij =
V
ε0kBT
(〈
Pmi P
m
j
〉
− 〈Pi
m〉 〈Pj
m〉
)
(1)
where ε0 is vacuum permittivity, kB is the Boltzmann constant, T is the temperature, V is
the volume of unit cell, i and j define Cartesian components, Pmi is the local (within the
unit cell m) polarization of ith component, and 〈...〉 represents the thermal average. The
magnitude of polarization fluctuations dictates the magnitude of dielectric response. The
instantaneous local polarization Pm(t) is
Pm(t) =
1
V
(
1
8
Z∗Pb
8∑
i=1
rmPb,i(t) + Z
∗
Tir
m
Ti(t) +
1
2
Z∗O
6∑
i=1
rmO,i(t)
)
(2)
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where Z∗Pb, Z
∗
Ti, and Z
∗
O are the Born effective charges of Pb, Ti, and O atoms; r
m
Pb,i(t),
rmTi,i(t), and r
m
O,i(t) are instantaneous atomic positions in unit cellm. The validity of equation
(1) has been confirmed numerically for both homogeneous and nonhomogeneous nanostruc-
tures of different dimensionalities, [53, 54] and it allows convenient and accurate estimation
of dielectric responses without directly applying electric field, ideal for studying low-field
response. The total dielectric response of the supercell is estimated by taking the average
of the local dielectric permittivity or local dielectric susceptibility (1/εmij ), depending on the
connection style (parallel vs. serial) of unit cells (approximated as capacitors).
The polarization profiles for domain structures with 180◦ walls at 300 K obtained from
MD simulations reveal frustrated polarization at domain boundaries (FIG.4). The width
of a DW is approximately two unit cells thick, consistent with first-principle calculations.
Within DWs, the polarization (PDW ≈ 0.45 C/m2) is much smaller than the polarization
in adjacent bulk-like domains (P bulk ≈ 0.8 C/m2). This is due to the competition between
minimizing the local energy, which favors small deviation of local polarization from the
bulk value, and minimizing the gradient energy, which prefers a small polarization change,
2PDW, across the domain boundary. The dipoles of smaller magnitude are expected to be
more susceptible to external stimuli. We consider the dielectric permittivity in response
to an electric field applied along the polar axis (z axis), εzz. Figure 5 presents the unit-
cell-resolved polarization profile and dielectric permittivity for a supercell with 12 walls.
The layers within the DWs clearly possess higher permittivity (≈ 60), and the layers in
the domains have permittivity comparable to single domain value (≈ 30). This is a direct
consequence of larger polarization fluctuation associated with smaller dipoles.
We further estimated the total dielectric constant as a function of temperature and the
volume fraction (γ) of DWs. The volume fraction of DWs is defined as 2nDW/N where
nDW is the number of DWs, N = 48 is the supercell dimension along the x axis, and
the factor of two comes from the observation that each DW consists of two layers of unit
cells. We find a nearly linear dependence of εzz on temperature below 350 K, far below
the phase transition temperature of PbTiO3 (FIG.6a), and εzz increases almost linearly
with γ under a given temperature (FIG.6c). The real-space decomposition of the total
εzz allows the examination of individual contributions from DWs (ε
DW
zz ) and domains (ε
D
zz),
with the toal εzz = γε
DW
zz + (1− γ)ε
D
zz as the multidomain configuration can be viewed as a
set of parallel capacitors for the response along z. εDWzz and ε
D
zz have different temperature
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dependences (FIG.6b), with εDWzz possessing a stronger temperature dependence (larger ε
DW
zz –
T slope) than εDzz . Interestingly, a noticeable increase in ε
D
zz with decreasing domain size is
observed. In addition, the contribution of DWs to the total dielectric response, defined as
fDW = γεDWzz /εzz, is as high as 50% for a DW volume fraction of 0.35 (FIG. 6d). These results
demonstrate that even in the absence of DW motion, the stationary 180◦ DW structure itself
can enhance the dielectric response by almost a factor of two at room temperature.
Similar susceptibility enhancement applies to 90◦ walls as well. Figure 7 shows the simu-
lated layer-resolved polarization profiles at 300 K for multidomain structures with 90◦ walls
separating +Pz (green) and +Px (red) domains. The width of 90
◦ DWs is 4−5 unit cells, and
dipoles within DWs have smaller magnitudes, just as 180◦ DWs. We used an orthorhombic
supercell, so the angle between the polarization axes of neighboring domains is exactly 90◦
instead of 2arctan(a/c) that is geometrically required for a tetragonal ferroelectric. The
domains are therefore strained. We find that when the domain size is comparable to the
DW thickness, the unit cells inside domains also obtain smaller polarization.
We focus on the εzz component. The real-space profile of local ε
m
zz for a supercell with four
walls at 300 K reveals that domain boundaries have larger permittivity values (FIG. 8a).
Layer-resolved εzz (FIG. 8b) provides more details. As expected, the εzz of Pz domains is
smaller than that of Px domains. This agrees with first-principles [56, 57] and experimen-
tal [58, 59] results that PbTiO3 in the tetragonal phase has a higher dielectric constant along
the short axis. The values of local permittivity at 90◦ DWs are about two times higher than
those in domains. We also note that the εzz of Pz domains in domain structures with only
90◦ walls is higher than that in domain structures with only 180◦ walls (FIG. 5). This comes
from the strain effect due to the usage of an orthogonal supercell as discussed above, and is
consistent with the previous studies that strained ferroelectric thin films and superlattices
have larger dielectric constants, [60, 61] and is also consistent with our DFT calculations that
reduced atomic displacements cause higher dielectric response (FIG. 3c-d). The intrinsic εzz
for a domain structure with 50% a domain and 50% c domain is about 60, estimated with
2/(ε−1a + ε
−1
c ) assuming c and a domains as serial capacitors. Our simulations show that the
domain structure with 90◦ walls has much larger dielectric response, and more DWs lead to
higher values (FIG. 8c). This highlights the contribution form stationary DWs. The εDWzz
of 90◦ wall in PbTiO3 is about 6 times larger than the single domain value. It is noted that
for the supercell with 16 walls, we observe domain merger at temperatures above 250 K due
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to thermal broadening of DWs: the final domain structure contains only four 90◦ walls.
The enhanced dielectric constants resulting from smaller dipoles at domain boundaries
also have important indications for the nucleation step in ferroelectric switching. The classic
Miller-Weinreich (MW) nucleation model [62] for DW motion assumes depolarization inter-
actions between boundary charges dominate the nucleation step. To reduce the repulsive
energy penalty due to Coulomb repulsions between positive depolarization charges, the MW
model incorrectly leads to triangular-shaped nucleus with a small width and large nucleation
barrier. [63] The depolarization energy Ud in the MW model depends on P
2
s /ε, where Ps is
the bulk polarization as a sharp polarization change from Ps → −Ps is assumed. Therefore,
the polarization frustration that actually occurrs at DWs should substantially reduce the
depolarization energy because of the smaller polarization gradient thus smaller boundary
charges and larger dielectric screening. [14] Similar polarization frustration is likely to occur
at ferroelectric/metal interface, and may also play a role in resolving the Landauer’s paradox
of an implausibly large nucleation energy barrier (108kBT ) for single domain switching.
Distinguishing and understanding the origins of various contributions to ferroelectric
susceptibility is critical for controlled materials design and performance optimization. Our
first-principles and molecular dynamics simulations demonstrate that the frustrated dipoles
within the DWs acquire larger dipole fluctuation and are responsible for the enhanced di-
electric response of stationary DWs under subswitching field. Our work suggests that the
dielectric constant at the DW can be two times higher than the defect-free bulk. The mech-
anism applies to all types of DWs, as polarization suppression at domain boundaries is the
natural consequence of reducing gradient energy penalty. Exploring how defect pinning of
DW may influence the stationary DW contribution will be a useful future research.
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TABLE I. Structure parameters of tetragonal PbTiO3 optimized with different methods.
DFT PSP Ec(Ry) Eρ (Ry) a (A˚) c (A˚) c/a
LDA GBRV USPP 50 250 3.861 4.029 1.044
LDA GBRV USPP 60 500 3.861 4.034 1.045
LDA PSlibrary USPP 50 250 3.868 4.012 1.037
LDA PSlibrary USPP 60 500 3.861 4.034 1.045
LDA NC 50 3.859 3.986 1.033
LDA NC 60 3.863 4.051 1.049
WC PSlibrary USPP 50 250 3.886 4.136 1.064
WC PSlibrary USPP 60 500 3.888 4.086 1.051
PBEsol GBRV USPP 50 250 3.866 4.222 1.092
PBEsol GBRV USPP 60 500 3.866 4.243 1.098
PBEsol PSlibrary USPP 50 250 3.881 4.162 1.072
PBEsol PSlibrary USPP 60 500 3.864 4.243 1.098
PBEsol NC 50 3.888 4.106 1.056
PBEsol NC 60 3.875 4.247 1.096
experiment ref [64] 3.90 4.15 1.064
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TABLE II. 180◦ DW structure parameters and energies obtained with different methods.
Model:DFT:PP (a, b, c) EDW(mJ/m
2)
I:LDA:GBRV (3.900, 3.900, 4.150) 199
I:LDA:NC (3.900, 3.900, 4.150) 200
I:WC:PSlibrary (3.900, 3.900, 4.150) 166
I:PBEsol:GBRV (3.900, 3.900, 4.150) 178
I:PBEsol:NC (3.900, 3.900, 4.150) 175
II:LDA:GBRV (3.861, 3.861, 4.034) 131
II:LDA:NC (3.863, 3.863, 4.051) 141
II:WC:PSlibrary (3.888, 3.888, 4.086) 128
II:PBEsol:GBRV (3.864, 3.864, 4.243) 219
II:PBEsol:NC (3.875, 3.875, 4.247) 218
III:LDA:GBRV (3.872, 3.870, 3.980) 102
III:LDA:NC (3.875, 3.871, 3.993) 108
III:WC:PSLibrary (3.901, 3.899, 4.022) 95
III:PBEsol:GBRV (3.896, 3.891, 4.081) 141
III:PBEsol:NC (3.905, 3.899, 4.098) 147
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Model  I
Model II
Model III
a. b.
FIG. 1. First-principles modeling of 180◦ DWs in PbTiO3 using different supercell models and
LDA. (a) Polarization profiles for structures with 180◦ DWs; (b) Two-dimentional potential energy
surfaces for Pb atoms at DWs (highlighted with dashed green lines in pannel a).
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c. 
Model I
Model II
Model III
ΔE = -0.15 meV ΔE = -0.01 meV
ΔE = -4.6 meV ΔE = -4.6 meV
ΔE = -9.9 meV ΔE = -9.5 meV
FIG. 2. Polarization profiles for mutldomain configurations with parallel and antiparallel domain
wall polarization along the y axis (PDWy ) obtained using three supercell models and LDA functional.
The energy difference per DW (∆E) is calculated with respect to the energy of the configuration
with PDWy = 0 C/m
2.
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FIG. 3. (a) z displacement of Ti and Pb atoms relative to the center of oxygen cage. (b) Potential
energy surfaces for Pb and Ti atoms at DWs (@DW) and in the bulk (@Domain). Energy and
dielectric constants of 5-atom unit cell of PbTiO3 as a function of atomic distortion along the polar
axis for Pb (c) and Ti (d).
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FIG. 4. Simulated layer-resolved polarization profiles for supercells with 2, 4, 6, 8, 10, and 12 DWs
with a 48 × 8 × 8 supercell. The layer in y–z plane is indexed along the x axis. The layers at
domain boundaries have smaller polarizations.
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FIG. 5. Profiles for local polarization Pmz (top) and local ε
m
zz (bottom). The black arrows represent
local dipoles. The position of one DW is highlight by the dashed rectangle.
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FIG. 6. Temperature dependence of (a) total dielectric constant εzz and (b) DW dielectric constant
εDWzz and domain dielectric constant ε
D
zz for supercells containing different number of 180
◦ walls.
DW volume fraction (γ) dependence of (c) total dielectric constant εzz under different temperatures
and (d) the weight of DW contribution (fDW).
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xz
FIG. 7. Molecular dynamics simulations of 90◦ DWs. The zig-zag domain pattern (top) with
90◦ DWs separating Px (red) domains and Pz (green) domains. Layer-resolved x-component and
z-component polarization profile (bottom) for supercells with 16 walls. The layer is indexed along
[110] direction.
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FIG. 8. (a) Profile of local εDWzz for a supercell with four 90
◦ walls at 300 K. (b) Layer-resolved
polarization profiles and εzz. Only half of the supercell is shown. Temperature dependence of (c)
total εzz (circle) and (d) DW dielectric constant ε
DW
zz (square) for supercells containing different
numbers of 90◦ walls.
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